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The findings in this report are not to be construed as an official Department of the Army position, unless so designated by other authoriked documents.
Mention of any trade names or manufacturers in this report shall not be construed an advertising nor as an official indorsement or approval of such products or companies by the Un'ted States Government. 
I. INTRODUCTION
Interest in the bend test has gained considerable attention in recent years beciuse of the greater use of high strength materials with little ductility and 4 because of the development and exploitation of such brittle materials as ceramics and carbides.
I
If tensile propertfi-s-af a material are sought, it iS only-natural to think of manufacturing and testing a tension specife"h iade of the material in question. Because of size limitations, however, even when the material j-; easily machinable, the task of manufacturing a tension specimen sometimes bcoes . -inN, ile. On the other hand, even when sufficient material is available, the cost of manufacturing a tension specimen may become prohibitive as, for example, machining a dumbbellshaped tension specimen made of an extremely brittle material as those mentioned ibove. In such cases, a bend test with its major advantage of employing a simple specimen with a rectangular cross section becomes a welcome substitute provided, of course, that such atest does yield reliable predicted tensile results.
It has been shown by Nadai 1 that it is theoretically possible to apply a bend test to determine the tensile and compressive stress-strain curves of a material, and experimental verification of this hypothesis has been accomplished with 4340 steel heat treated to various strength levels. 2 Results indicate that close agreement exists, at least to strains to 1-1/2 to 2%, between the stressstrain curves predicted from the bend tests and those determined from the actual tension and compression tests.
In order to include the gamut of material variation, i.e., ductile to brittle, bend specimens were designed and tested according to Reference 2 and tension specimens were designed and tested essentially according to Reference 3. Sufficient expressions have been derived and presented from which properties of tension specimens can be predicted from bend test results. Predicted and actual properties of tension specimens were subsequently obtained and compared.
In determining fracture stresses of ceramic specimens, recourse was made to a statistical approach, and in this study the Weibull statistical theory of fxacture, 4 the most widely accepted theory, was chosen. This theory uses two basic criteria of failure: si:e -nd normal stress. In the Weibull threeparameter analysis, fracture is predicted in terms of the three-material parameters: zero probability strength, flaw density exponent, and a scale parameter. In the Weibull two-parameter analysis, on the other hand, the first of these material parameters is assumed to be zero, and fracture is predicted in terms of the two remaining parameters. 
II. PROBABILITY OF FRACTURE
Three-Parameter Analysis
For a stress field in a homogeneous isotropic material governed by volumetric flaw distribution, the probability of fracture at a given stresg o is given: 5
is the risk of rupture, and a u x zero probability strength (strength below which there is no fracture) m i Weibull modulus or flaw density exponent a -scale parameter.
The last three values are material parameters only.
Two-Parameter Analysis
If it is assumed that a 0 (and certainly there can be no fracture at zero stress level), then Equations (1) and (2) become:
is the modified risk of rupture.
Application of the two-parameter analysis yielded values of material parameters that described the test data very well and the results of this analysis are herein reported. 
III. MODIFIED RISK OF RUPTURE
It should be apparent that the value of modified risk of rupture of a specimen -in terms of maximum tensile stress, for example, within the specimen -is the result of integration of Equation (4) throughout the total volume. In addition, if the stress throughout the specimen is not constant, this integration may become rather cumbersome.
Generally, however, a specimen is so designed that the greatest risk of rupture occurs in the middle or gage length section, and, therefore, the value of modified risk of rupture determined by integrating throughout the volume of the gage length section will be only negligibly smaller than that determined by integrating throughout the total volume. Equation (4) 
where in Equation ( where in Equation (5) K is taken as Table 3 for pertinent values of K t ) and subscript refers to tension specimen.
Only volume of gage length section considered
Gl. 0 "
where in lEquat ion (5) K is taken as K K t 1.0 and again subscript t refers to tension specimen and where V fI volume of only gage length section of tension specimen tCL t maximum tensile stress in tension specimen I = tensile stress in gage length section of spedimen.
IV. WEIBULL MODULUS
VllAccording to Reference 6, the value of m, 'eibull modulus ur flaw density k exponent. may be determined by use of the expression listed below: for a bend specimen fract t a for a tension specimen. tfract As may be seen, the value of m is determined from test results.
For all bend and tension specimens in this work the fracture stresses were recorded, and these values are listed in Tables 1 and 2 . Details of the actual test systems, procedures, and methods of computation, are contained in References 2 and 3.
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However, it will be noted iere that fracture stress in bending is defined as the maximum tensile strass in the gage length section at fracture. and these values were determined from: Fracture stress in the dumbbell-shaped tension specimen is also defined as the maximum tensile stress in the gage length section at fracture and these values were determined from: Finally, E.quation (10) was used to determine the valus of m for all bend as well as tension tests, and these values are shown in Tahle 3.
V. SCALE PARAMETER
The value of o, the scale parameter, may be determined as indicated by:
where all terms have already been defined.
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For the specimens involved in this work, Equation (13) 
Values of co, determined by Equations (14) and (15) for bend specimens and by Equations (16) and (17) for tension specimens, are also listed in Table 3 .
VI. RELATIONSHIPS BETWEEN BEND AND TENSILE STRESSES
The relationships between bend and tensile stresses depend upon the expressions representing the values of modified risks of rupture. By equating the expressions for modified risks of rupture for either the total or gage length volumes the following relationships are obtained: where values of Kt again are those shown in Table 3 .
b. Only Volumes of Gage Length Sections Considered
Equating the value of R1 shown in Equation (7) to that shown in Equation (9) leads to:
Note that in both expressions the values of ao factors are out.
VII. DISCUSSION AND RESULTS
For convenience, the individual fracture stresses have been presented for all test specimens, both bend and tension. The bend test values have been presented in three groups of 8, 17, and 19, as shown in Table 1 , and the tension test values in two groups of 6 and 11, as shown in Table 2 . In either type of testing, the smaller number of test results is also included in the larger number.
Based on these experimentally determined values of fracture stresses and the expressions presented in the text, various properties have been determined and shown in Table 3 . These properties include mean fracture stresses, standard deviatio-q: coefficients of variance, load factors, Weibull moduli, and scale parameters. The Weibull moduli and scale parameters were determined both by expressions in which consideration was given to total volumes as well as expressions in which consideration was given to volumes of only gage length sections of the specimens.
Values of mean fracture stresses of tension specimens -both those determined from the actual tension tests as well as those predicted from the bend testshave been listed in Table 4 . Percentage discrepancies, i.e., measares of disagreement between predicted and actual mean fracture stresses, are also shown in this table. (14) through (17) Plots of modified risk of rupture of tension specimens versus maximum tensile stress are shown in Figure 1 , and plots of probability of fracture of tension specimens versus maximum tensile stress are shown in Figures 2 and 3 . These figures offer a means of comparison of tensile properties predicted from bend tests to those determined from actual tension tests. In addition, Figure 1 shows the effects of consideration of volumes of gage length sections in lieu of total volumes of specimens; Figure 2 shows how well a fit exists between the predicted and experimental probabilities of fracture values, i.f'., how well the predicted values fit the data; an, both Figures 1 and 3 show the effects of a number of tests on the validity of test data.
In Section III only the expressions for determining values of modified risks of rupture have been listed, hut the actual derivations of these expressions are shown in the appendixes.
Although it was planned to test 20 each of both bend as well as tension specimens, it should he noted that 19 bend but only 11 tension test results are reported. Extreme difficulty in machining the tension specimen-is the primary cause for this difference. Some tension specimens broke during machining and never could be tested. Those that were completed had machining lines in the 
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--actual mean fracture stress of tension speclrens determined tfract from tension test results (Equation (12)).
t predicted mean fracture stress of tension specirens deternined tfractpred from bend tcst resujlts. (Equation (18) when total volumes are considered and Equation (19) when volumes of only gage length sections are considered.)
Discrepancy disagreement between actual and predicted mean fracture stresses of tension specimens.
"
Et tfract e fract pred X 100 tfractact circumferential direction and the finishes were poor. Some of these were tested and broke below the expected tensile strength. It was theorized that the low strength values were due to direction and degree of surface finish. Recourse was made to machine lapping each of the remaining tension specimens to a 4 rms finish in the longitLdinal direction, the same direction, and degree of surface finish as any of the Lend specimens, The effect of this operation was to increase the tensile strength substantially. The only bend test result not reported was one in which premature failure occurred because strain gage wires were inadvertently placed between the specimen and one of the steel rollers (load surfaces) of the test fixture. Needless to add, the cost of machining the tven ion specimens was unusually high.
An important question arises concerning differences in results obtained from expressions involving total volumes to those involving volumes of only Rage length sections. The answer to this question may be observed from the plots of modified risks of rupture versus stress level based on both types of expressions as shown in Figure 1 . Since for any stress level the lower the value of modified risk of rupture, the lower the value of probability of failure and, conversely, the greater the chances of survival; a plot of this type is useful for comparison purposes. For the results herein reported, it may be seen that little or no differences exist between values of modified risks of npture determined from ., ,tested at room temperature. ither set of expressions, i.e., those involving total volumes and those involving volumes of only gage length sections. here the slight differences do exist (bend test values only), the results derived when consideration is given to total volumes are more conservative, i.e., at auy given stress level, the probability of failure is greater. Mlhen there is any doubt, therefore, as to whether or not the contributions to the value of modified risk of rupture of a specimen due to the omitted sections' really are negligible, the expressions involving total volumes should be used.
Another important question arises concerning the number of tests that should be made before valid data can be e:.pected, and this question may be answered with the help of Figures I and 3 . The spread between the plots in either group (results based on both bend as well as tension tests) indicates differences due to the number of tests selected while the spread between groups of plots indicates differences between values predicted from bend tests and those determined from tensior, tests, i.e., how well the bend test replaces the tension test. The latter will be discussed shortly.
From Figure 1 , plots of modified risk of rupture versus maximum tensile stress within the tension specimen, it may be seen that considerable spread does exist when the number of tension tests is increased from 6 to 11 and when the number of bend tests is increased from 8 to 17 or from 8 to 19. Mhat is more important is that considerable spread (in the reverse direction in this case) exists even when a relatively high number of tests is increased by only 2 more, from 17 to 19.
Ihese spreads are to be expected, however, since R', modified risk of rupture, really depends upon m (see Equations (8) and (9) where Kt and co are both functions of m), and m in turn depends upon -, and S-[see Equation (10)).
fract
These last two terms are experimentally determined, and it should be obvious that the smaller the number of tests involved in determining these terms the greater will be the effect on their values when one or more test results, either excessively high or low, are added.
Fortunately, however, the indicated spreads in the probability of fracture plots of Figure 3 are not too bothersome. Only 3% disagreement exists when the tension tests are increased from 6 to 11 or when the bend tests are increased from 8 to 17. lven less disagreement exists when the bend tests are increased from 8 to 19 or from 17 to 19. The reason for these close agreements is due to the insensitivity of the value of modified risk of rupture on the value of probability of fracture as indicated in Equation (3).
lo answer the question of required number of tests for valid data, the greater the number of tests, the more valid are the results likely to be, and certainly 20 tests are not too many.
One final question remains concerning su'stitution of the bend test for the tension test. As mentioned earlier, the spreads between groups of plots of Figures 1 and 3 are indications of the answer tc this question. The smaller the spread in any one group of plots, the closer t*he agreement. In addition, the percentage discrepancies between mean fracturi, stresses predicted from bend tests to those determined from tension tests, indic-'ed in Table 4 , also bring out the answer. It may bv seen from these values that the bend test may he substituted for the tension test, at least for the specimer; tested, within an accuracy of about 8%.
APPENDIX A. DERIVATION OF MODIFIED RISK OF RUPTURE FOR THIRD-POINT LOADING BEND TEST SPECIMENS
Dletermination of the value of modified risk of rupture may be made by carrying out the integration indicated by Equation (4) of the text which is repeated here: 
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